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Abstract This paper presents a facile and efﬁcient way to
prepare carbon nanoﬁbers ornamented with Au nanoparti-
cles (Au/CNFs). Gold nanoparticles were ﬁrst deposited in
the channels of an anodized aluminum oxide (AAO)
membrane by thermal decomposition of HAuCl4 and then
carbon nanoﬁbers were produced in the same channels
loaded with the Au nanoparticles by decomposition of
sucrose at 230 C. An electron microscopy study revealed
that the carbon nanoﬁbers, *10 nm thick and 6 lm long,
were decorated with Au nanoparticles with a diameter of
10 nm. This synthetic route can produce uniform Au
nanoparticles on CNF surfaces without using any addi-
tional chemicals to modify the AAO channels or the CNF
surfaces.
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Introduction
Carbon nanostructures have attracted extensive attentions
due to their unique physicochemical properties and prom-
ising applications in nanodevices [1, 2]. One of the major
challenges for nanodevice fabrication is how to immobilize
the functional nanostructures on electrically conducting
electrodes. Amma et al. [3] demonstrated that extremely
hydrophiliccarbonnanotubes(CNTs)couldbeimmobilized
on a hydrophilic Au surface by means of electrostatic
interaction.However,thistechniquerequiresharshchemical
reactions(e.g.azo-coupling)tomodifytheCNTsurfacewith
a hydrophilic group (e.g., –SO3Na). The harsh reaction
conditions and the bonded chemical groups may cause some
changes of the intrinsic nature of the carbon nanotubes.
Therefore, an alternative immobilization method under
relatively mild reaction conditions is desirable to assemble
the carbon nanodevices without sacriﬁcing the unique
properties of the carbon nanotube. One of the most prom-
ising immobilization methods would be to attach Au
nanoparticles on the carbon nanostructure as anchoring
posts. The Au nanoparticles offer the great potential in
nanodevice assembly because the Au surface can be easily
modiﬁed to interact with a substrate through a mild
chemical treatment [4, 5]. There are some known methods
to attach Au nanoparticles to carbon nanostructures [6–8].
For example, Au nanoparticles can be attached to CNTs by
chemical reductions of HAuCl4 either in a solution of CNT
stabilized by surfactant [6] or surface-modiﬁed CNTs [7].
However, the intrinsic surface properties of CNTs could
not be sustained due to the surface modiﬁcation chemicals
[6, 7]. The Au/CNTs can also be prepared by a direct
pyrolysis of HAuCl4/acetone mixture in a template [8].
This may be the simplest method to prepare the Au-
decorated 1D carbon nanostructures [1, 2, 9–14]. But this
method could be applied only to get large the diameter
([*180 nm) of carbon tubes [8].
We investigated a facile route to prepare the Au nano-
particle loaded carbon nanostructures by a two-step ther-
mal decomposition method. This method consists of the
thermal decomposition of HAuCl4 followed by the car-
bonization of sucrose in anodized aluminum oxide (AAO)
channel, 80 nm in diameter. In the previous paper, we have
shown that monodisperse Au-nanoparticles with a diameter
of *10 nm can be produced by thermal decomposition of
HAuCl4 solution inﬁltrated in the AAO channel [15].
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mented with uniform sizes Au nanoparticles. Since the Au
nanoparticles are synthesized ﬁrst and the sucrose car-
bonization is carried out at the same temperature used for
the Au nanoparticle synthesis, the property of Au nano-
particles will not be disrupted during the carbon nanoﬁber
growth. Once the carbon ﬁbers are produced, the Au/car-
bon nanostructure can be released from the AAO channel
under mild chemical etching conditions. Therefore, the
intrinsic properties of the complexed nanostructures will
not be altered greatly.
Experimental Details
The AAO membrane was prepared by the Masuda process
[16] and the diameter of AAO channels was controlled to
ca. 80 nm. The uniform Au nanoparticles (*10 nm) were
embedded inside the AAO channels by a thermal decom-
position of HAuCl4 at 230 C. The detailed procedure was
described elsewhere [15]. Then the AAO membranes loa-
ded with Au nanoparticles (Au–AAO) were soaked in a
sucrose (Aldrich ACS grade) aqueous solution for 24 h
followed by heating to 230 C for 30 min under the
nitrogen (99.9%) ﬂow to carbonize the sucrose. The heat-
ing ramping rate was 4 C/min. The AAO frame was
removed in an etch solution (6% H2CrO4:1.8% H3PO4 =
1:1 in volume) and rinsed several times with deionized
water. The carbon nanostructures decorated with Au
nanoparticles (Au/C) were retrieved from the solution. For
comparison, bare carbon nanostructures without Au nano-
particles were synthesized via the same carbonization
procedure inside the pristine AAO channels. The samples
were characterized with ﬁeld-emission scanning electron
microscopy (FE-SEM, JEOL JSM6700-F), transmission
electron microscopy, energy dispersive X-ray spectroscopy
and selected area electron diffraction (TEM/HRTEM/EDX/
SAED, JEOL JEM-2010), powder X-ray diffractometry
(XRD, Philips X’Pert MPD system, Cu Ka radiation),
and X-ray photoelectron spectroscopy (XPS, VG-Multilab
2000).
Results and Discussion
Figure 1a and b shows XRD patterns of Au/C embedded in
AAO membrane (Au/C–AAO) and carbon embedded in
AAO membrane (C–AAO), respectively. The embedded
carbon phase is amorphous. There are no recognizably
speciﬁc reﬂections of crystalline carbon in XRD patterns.
The diffraction peaks of Au in the XRD pattern of Au/
C–AAO are identical to those of Au–AAO [15]. This
indicates that the crystal structure of the Au nanoparticles
does not change during the carbonization. The insets in
Fig. 1 are the optical images of bare AAO, Au–AAO, and
Au/C–AAO. After embedding the Au nanoparticles in bare
AAO, the transparent AAO membrane exhibited a dark red
wine color (kmax = 528 nm), which is characteristic color
of the colloidal Au nanoparticles. The color change is
indicative of the conversion from HAuCl4 to Au nanopar-
ticles. The embedded Au nanoparticles (ca. 10 nm in
diameter) partially coalesced with each other to form con-
ducting Au nanotubes/nanoparticles on the walls of AAO
channels [15]. After the carbonization of the inﬁltrated
sucrose at 230 C under the nitrogen gas ﬂow, the wine
color of the membrane turned to black. This carbonization
temperature, which is higher than the decomposition tem-
perature of sucrose (*185 C) [17] and the same as the
decomposition temperature of HAuCl4 in AAO to form Au
nanotubes, [15] would not change the properties of the Au
nanoparticles pre-embedded in AAO channels.
The enriched carbon in Au/C–AAO was conﬁrmed by
the XPS analysis. Compared with the spectrum for the Au–
AAO sample, Fig. 2a, the intensity of the characteristic
binding energies of C 1s peak (285.0 eV) was remarkably
enhanced after the carbonization as shown in Fig. 2b. The
binding energies of Al 2p (75.5 eV), O 1s (532 eV), and
Au 4f (88.5 and 85 eV) in the XPS spectrum of Au/
C–AAO corresponded well with those of Au–AAO in other
reports [7, 18–20].
Figure 3a is a TEM image of carbon nanotube bundles,
which were prepared by the carbonization of the inﬁltrated
sucrose in the pristine AAO membrane. The diameter of
the nanotubes is the same as that of AAO channels, 80 nm.
EDX analysis (not shown here) conﬁrmed that the tube
Fig. 1 XRD patterns of (a) carbonized sucrose in Au nanoparticles
embedded AAO (Au/C–AAO) and (b) carbonized sucrose in anodized
aluminum oxide(C–AAO) template. Insets are optical images of bare
AAO, Au–AAO, and Au/C–AAO membrane (from left to right)
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standing Au/CNFs. The dark spots in the image are Au
nanoparticles. The inset of Fig. 3b is the SEM image of
Au/CNTs in the AAO template. According to EDX
analysis (not shown here), the chemical compositions of
the imaged area co-insist with Au and carbon in addition
to the aluminum oxide. Although some reports claimed that
the formation of carbon nanostructures via the carboniza-
tion of sucrose inside nano-templates is possible only with
aid of sulfuric acid [11–14] or linker chemicals, [9] the
present method shows that the carbonization of sucrose in
the AAO channel can be carried out to form carbon
nanostructures without additional chemicals.
Although the thermal decomposition process of sucrose
includes complicated multiple steps, [17] it can be sim-
pliﬁed as C12(H2O)11 ? 12C(s) ? 11H2O(g). If this reac-
tion occurs in the AAO channels, the water vapor will be
evolved and form bubbles. The bubble formed inside a
channel, when escapes, pushes outward the sucrose phase
at the outer region of the channel. At the same time, due to
the strong adhesion between the aluminol groups of AAO
and the hydroxyl groups of sucrose, [21] a thin layer of
sucrose might remain on the wall of AAO channel. Finally,
the decomposition of the coated sucrose on as-prepared
AAO channel will result in the nanotubes as shown in
Fig. 3.
Initially, it was expected that carbon tubes, 80 nm in
diameter, coated with Au nanoparticles could be prepared
through the carbonization of sucrose inside the AAO pre-
loaded with Au nanoparticles (Au–AAO) with the same
procedure as discussed above. Instead, however, Au dec-
orated carbon nanoﬁbers (Au/CNFs) were obtained as
shown in Fig. 4a. A higher resolution image (Fig. 4b)
shows that the thickness of the CNFs approaches around
10 nm. The dark spots in the image are crystalline Au
nanoparticles as shown in the SAED pattern of Au
nanoparticle (inset of Fig. 4a). The circled area in Fig. 4c
shows a bundle of cross-linked Au/CNFs and the distance
between the dark lines is 80 nm, which corresponds to the
diameter of the AAO channels. From these images, it is
noteworthy that the width of Au/CNFs corresponds to the
diameter of Au nanoparticles and the length of the bridge
Fig. 2 XPS spectra of a Au embedded AAO and b carbonized
sucrose in Au embedded AAO. Peaks were calibrated against the
binding energy of C 1s (285.0 eV)
Fig. 3 a TEM image of carbon
nanotubes prepared in anodized
aluminum oxide (AAO)
template and b TEM image of
free standing carbon nanotubes
ornamented with Au
nanoparticles. The inset is SEM
image of carbon nanotubes in
Au embedded AAO (Au/
C–AAO) template. The
Au/C–AAO was crashed to
expose the edge
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responds to the diameter of AAO channel, 80 nm. Fig-
ure 4d is the distribution plot of 185 Au nanoparticles
appeared in Fig. 4b. The mean diameter of Au nanoparticle
was 9.2 nm.
The formation of long narrow nanoﬁbers (Au/CNFs)
shown in Fig. 4a, may be not explained by the above
simple extrusion model. It was conﬁrmed that the pre-
loaded Au nanoparticles coat all over the AAO channel
[15]. Therefore, if all Au nanoparticles take part in the
formation of Au/CNF, the carbon ﬁbers would be fully
coated. But, the TEM image of Au/CNFs shows that not so
much Au nanoparticles are attached. This suggests that a
great part of Au nanoparticles are removed from the inside
of the AAO channels during the decomposition process.
The fact that the CNFs have the same diameter of the Au
nanoparticles and the distance of the bridge in the cross-
linked CNFs is the same as the diameter of AAO channel
suggests that the ﬁbers are the splits of the tubular shape of
carbon. We could not get in situ information of the
Fig. 4 TEM images of a Au
ornamented carbon nanoﬁbers,
b magniﬁed image of the circled
section on a, and c other area of
the same TEM grid. d The
histograms of particle size
distribution of b. The inset in a
is a SAED pattern of an Au
nanoparticle
Fig. 5 Schematic diagram of
the two-step preparation
method. The preloaded Au
nanoparticles act like knife
blade during decomposition of
sucrose and result carbon
nanoﬁbers. TEM image is low
magniﬁed free standing Au/C
nanoﬁbers
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However, it could be speculated that the Au nanoparticles
(*10 nm in diameter) could act as blades during the
thermal extrusion, as schematically shown in Fig. 5. In this
case, the Au nanoparticles would be aligned at the interface
of liqueﬁed (partially decomposed) sucrose and water
vapor bubble, which generated during the thermal
decomposition. Then the distance between the Au nano-
particle’s center (i.e., distance between the gold blades)
become *10 nm. The aligned Au particles could split the
sucrose layer, which is coated on the wall of AAO channel
as discussed in previous section, when the water vapor
bubble is expanded by continuing decomposition. This will
result in the evenly sectioned (10 9 10 nm) carbon
nanoﬁbers up to several micrometers long with Au nano-
particles as ornament, as shown in Fig. 5.
In conclusion, we demonstrated a facile route for the
synthesis of carbon nanotubes and dimension-conﬁned
(10 9 10 nm) nanoﬁbers decorated with size-deﬁned
(10 nm) Au nanoparticles by the carbonization of sucrose
in the AAO channels which were coated with Au nano-
particles without any chemical additives or further chem-
ical reactions. The attached Au nanoparticles could be used
as good anchoring posts to assemble carbon nanostructures
on proper substrates.
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